The exfoliation and identification of the two-dimensional (2D) single atomic layer of carbon have opened the opportunity to explore graphene and related 2D materials due to their unique properties. 2D materials are regarded as one of the most exciting solutions for next generation electronics and optoelectronics in the technological evolution of semiconductor technology. In this review, we focus on the core concept of "structure-property relationships" to explain the state-of-the-art of 2D materials and summarize the unique electrical and light-matter interaction properties in 2D materials. Based on this, we discuss and analyze the structural properties of 2D materials, such as defects and dopants, the number of layers, composition, phase, strain, and other structural characteristics, which could significantly alter the properties of 2D materials and hence affect the performance of semiconductor devices. In particular, the building blocks principles and potential electronic and optoelectronic applications based on 2D materials are explained and illustrated. Indeed, 2D materials and related heterostructures offer the promise for challenging the existing technologies and providing the chance to have social impact. More efforts are expected to propel this exciting field forward. Published by AIP Publishing. [http://dx
Two-dimensional (2D) materials, normally referred to as the single layer materials, have become a central topic of research interest since the exfoliation of graphene in 2004. 1 In stark contrast to their bulk counterpart, what is more fascinating about 2D materials is the ultra-high specific surface areas which enables their energy band structures sensitive to external perturbations and matter. This all-surface nature of 2D materials makes them competitive for devices as described by Herbert Kroemer "The interface is the device." 2 Research on 2D material based devices not only has contributed to the deeper understanding of the physics of these novel layered materials but also has provided a great platform for the potential opportunities in many fields ranging from electronics, optoelectronics to energy and sensing applications.
In 1959, Richard Feynman gave an inspiring and influential lecture entitled "There's Plenty of Room at the Bottom." 3 In his talk, Feynman envisioned a scientific breakthrough in the field of physics with his questions "What could we do with layered structures with just the right layers? What would the properties of materials be if we could really arrange the atoms the way we want them?" Feynman's questions challenge scientists to manipulate and control things on the atomic scale. It was not until 2004, 45 years later, that the University of Manchester physicists Andre K. Geim, Konstantin S. Novoselov, and collaborators experimentally exfoliated and identified graphene, a 2D single atomic layer of carbon. 1 The history of research on graphene, however, can be traced back much further. As early as 1947, Philip Wallace calculated the band structure of this one-atom-thick crystal. 4 15 years later, Hanns-Peter Boehm synthesized graphene flakes through reductions of graphene oxide (GO) dispersions. 5 Then, materials scientists tried to produce this one-layer graphite with exfoliation methods or thin-film growth technologies. [6] [7] [8] Indeed, "graphene" or "graphene layer" was officially defined to introduce this single atomic carbon layer of graphite structure by the International Union of Pure and Applied Chemistry in 1995. 9 Based on the earlier studies of ultrathin graphite, along with the rise of other carbon nanomaterials (such as fullerene and carbon nanotubes), [10] [11] [12] scientists and engineers devoted more interests and energies into this new fascinating material to discover its remarkable science and potential for practical applications.
Graphene, with zero band-gap semimetal behavior, normally results in a low current on/off ratio in graphene-based field effect transistors (FETs). In recent years, various 2D materials beyond graphene have attracted considerable attention to the research community, including insulators [e.g., hexagonal boron nitride (h-BN) and transition metal oxides], topological insulators (e.g., Bi 2 Te 3 ), semiconductors [e.g., MoS 2 , WSe 2 , and black phosphorus (BP)], metals (e.g., TiS 2 ), superconductors (e.g., NbSe 2 ), and charge density waves (e.g., 1T-TaS 2 at low temperatures) (Fig. 1 ). With such rich choices and high tunability in 2D materials, nextgeneration devices with specific functions can be developed. Particularly, the weak van der Waals (vdW) interaction (as compared to the strong covalent bond interaction inside covalently bonded material structures) was made it possible to construct promising building blocks for future electronics and optoelectronics by stacking 2D materials with multidimensional materials to form van der Waals heterostructures (vdWHs). [13] [14] [15] [16] [17] [18] In general, the up-to-date 2D material family can be categorized into five types: (1) graphene with single-layer atoms arranging in hexagonal honeycomb lattices, its analogs, and elemental 2D materials, such as borophene, silicene, germanene, stanene, h-BN, and BP; (2) 2D Metal chalcogenides, such as three-atom-thick transitional metal dichalcogenides (TMDs) with a general stoichiometry formula MX 2 (where M represents the transition metal: Mo, W, Ti, Nb, Re, Pt, etc., and X represents chalcogen elements: S, Se, or Te), III-VI and IV-VI families (GaSe, InSe, GeSe, SnS, SnSe, SnS 2 , SnSe 2 , etc.), and some others (Bi 2 Te 3 , etc.); (3) 2D transition metal carbides and/or nitrides (MXenes), a general stoichiometry formula M nþ1 X n (where M represents the transition metal: Mo, Ti, V, Cr, Nb, etc., X represents C and/or N, and n is 1, 2, or 3) with surface terminated by O, OH, or F atoms;
FIG. 1. 2D material family and tetrahedron.
(4) 2D oxides or hydroxides, such as titania nanosheets; (5) 2D organic materials, such as pentacene. Since limited information is known on the electronic and optoelectronic devices based on MXenes and 2D oxides or hydroxides, we do not emphasize on these 2D layered materials in this review. The research on 2D organic materials is also not included in this review due to the difference in the structural characteristics and research methods. Here, we will focus on the electronics and optoelectronics based on graphene, its analogs, and related 2D metal chalcogenides.
B. 2D material tetrahedron
One important mission of materials science and engineering is to invent, design, develop, and achieve new materials. To materials scientists and engineers, 2D materials are similar to cocktails to a bartender or paintings to an artist. The breakthrough of 2D materials represents a significant moment and has drawn numerous interests in not only experimentally characterizing and understanding these high-crystal-quality and chemically stable materials but also manipulating and controlling these layered crystalline materials and integrating them into current devices and technologies. We herein raise several outstanding issues relevant to 2D materials based on traditional materials science tetrahedron.
• Properties: What are the most promising and novel properties of 2D materials? What are the interactions between them and external perturbations and matter? • Synthesis and processing: What is the state-of-the-art technology in the synthesis and assembly of 2D materials and related heterostructures? How can we make them The structure-property relationship is a powerful concept in materials and related fields. In this review, we will summarize the basic structure-property relationships of graphene and related 2D materials and then present their potential applications in electronic and optoelectronic devices, with the aim to shed light on the above questions. With the rapid progress in this field, the answers are certainly prone to evolve as time and remain to be revisited in not-too-distant future.
II. ELECTRONIC AND OPTICAL PROPERTIES

A. Electronic properties of graphene
Graphene is made of a sp 2 hybridized hexagonal honeycomb carbon structure with the carbon-carbon distance of 1.42 Å , 19 as shown in Fig. 2(a) . Because of its unique electronic properties, such as zero bandgap, Dirac fermions behavior of its electrons and low density of states, many idiographic physical phenomena were found in graphene. For example, the room temperature quantum Hall effect observed in graphene originates from the behavior of massless fermions with ultrafast Fermi velocity. 20 Here, important electrical properties of graphene are reviewed.
Band structure
The band structure of graphene, calculated from a TightBinding approach, can be seen as a triangular lattice with a basis of two atoms per unit cell. The derived energy band structure has the following form:
where f ðkÞ ¼ 2 cosð ffiffi ffi 3 p k y aÞ þ 4 cosðð ffiffi ffi 3 p k y aÞ=2ÞÞcos ðð3k x aÞ=2Þ; and t ($2.7 eV) and t 0 are the nearest-neighbor hopping energy (hopping between different sublattices) and the next nearest-neighbor hopping energy (hopping in the same sublattice), respectively. 4 The plus sign applies to the upper p* and the minus sign applies to the lower p band. k x and k y are the momentum in x and y directions. If t 0 ¼ 0, the energy band structure is symmetric around zero energy. The band structure close to one of the Dirac points is shown at the K or K 0 point in the Brillouin zone [ Fig. 2(b) ]. 18 The first order of the expanding of Eq. (1) is
where k is the relative momentum (to the Dirac points). v F is the Fermi velocity with a value of 10 6 m/s, which is 1/300 of the velocity of light. It can be seen that around zero energy, the energy E(k) is linear to the momentum k and v F does not depend on the energy, which is different from the threedimension system, in which EðkÞ $ k 2 =ð2mÞ and v $ k=m $ ffiffiffiffiffiffiffiffiffiffiffi ffi 2E=m p . The density of states can be driven from the energy dispersion Eq. (1). In particular, near the Dirac point, the density of states in graphene is qðEÞ ¼ ð2A c =pÞðjEj=v F Þ, where the unit cell area A c ¼ 3 ffiffi ffi 3 p a 2 =2. It shows that the density of states is linear to energy, and at the Dirac point, it is zero [ Fig. 2(c)] . 19, 21 However, it is found that graphene's zerofield conductivity does not disappear even if the Fermi level is at the Dirac point. Instead, it exhibits values close to the conductivity quantum e 2 /h per carrier type. 20 The minimum conductivity of graphene is governed not by the physics of the Dirac point singularity but by the carrier-density inhomogeneities induced by the potential of charged impurities. 22, 23 The dispersion relation shows that the conduction band and valence band intersect at Dirac points, which forms a band structure with a zero bandgap. This property makes graphene a promising material for broadband photodetectors, but it can lead to the low on/off ratio of the graphene-based FET. 24 The bandgap of graphene can be opened by three ways: tailoring into one-dimension (nanoribbons), 25, 26 biasing bilayer graphene, 27, 28 and applying strain to graphene. 29 
Electron optics
Near the Dirac point, carriers in graphene exhibit quasiparticle behavior of relativistic massless Dirac fermion with a pseudo-spin degree of freedom (chiral nature) originating from graphene's two carbon sublattices. Because of this property, electrons in graphene with energies higher than 2 mc 2 (the Dirac energy gap) can travel through the barrier with a probability of near 100% (Klein tunneling) 30, 31 but not an exponential damping like non-relativistic electrons tunneling through the barrier [Figs. 2(d) and 2(e)]. As shown in Fig. 2(f) , an electron with energy E > 0 incident onto a potential step of height V 0 with an incident angle h i . We defined two regions: x < 0, electrons with a kinetic energy of E kin ¼ E; and x > 0, electrons with a kinetic energy of E kin ¼ E À V 0 . Assuming that the angles of reflection and transmission are h r and h t , the reflection wavefunction r and transmission wavefunction t are expressed as
The relations between h r, h t , and h i are
According to the conservation of one-dimensional current, we have
So the transmission probability T and reflection probability R are
Combining Eqs. (3) and (6), we can get the transmission and reflection probability of an electron tunneling in graphene. Considering a p-n junction, corresponding to 0 < E < V 0 and an electron with normal incidence (h i ¼ 0), T equals 1, which means that the graphene p-n junction cannot block the injection of electrons and the rectifier effect does not exist. This Klein tunneling effect was confirmed using a set of metallic gates capacitively coupled to graphene to modulate the potential landscape. 32 If an electron injects into a p-n junction with incidence angle h i 6 ¼ 0, the electron behavior is ruled by electronic Snell's law, including positive and negative refraction, and lens focusing. [33] [34] [35] 
Electron transport
Graphene exhibits remarkable electron mobility at room temperature. According to the unique band structure, electrons in graphene can move with a v F in the ballistic transport regime. The mobility of suspended exfoliated graphene is up to about 200 000 cm 2 V À1 s
À1
, 36 without considering the charged impurities and ripples. When graphene is placed on the substrate, the carrier transport is limited by the scattering which can be classified into intrinsic and extrinsic scattering sources. 37, 38 While the former one mainly includes longitudinal acoustic (LA) phonon scatterings, 39 the lattice defects and grains boundaries formed during the growth process, 40 the latter one contains charged impurity scattering, 41 interfacial roughness, 42 remote interfacial phonon (RIP) scattering, 37 and wrinkles or cracks introduced during the growth and transfer processes, 43 which will be discussed in Sec. IV. Recently, it was found, both theoretically and experimentally, that the electron sub-system in a pristine, intrinsic graphene film could behave like a viscous flow, rather than diffusion/drift related transport in conventional solids, due to its strong electron-electron interactions and weak electronlattice interactions. 44 Such a hydrodynamic transport behavior could give rise to many unusual phenomena, such as the breaking of Wiedemann-Franz law, 45 the observation of negative local resistance due to the electron traveling against the electric field, 46 and so on.
B. Light-matter interactions in graphene
With a remarkable naturally gapless band structure, graphene can absorb light of the broad spectrum ranging from ultraviolet and visible to infrared and terahertz (THz) spectral region, distinguished from other traditional semiconductors. However, doping always inevitably exists in graphene, which leads to the opening optical bandgap of 2E F . When graphene is excited by incident light with the photon energy hx, there are two photoexcitation modes: interband transition and intraband transition [ Fig. 3(a) ]. 47, 48 If the photon energy hx is higher than 2E F , one electron can be excited from the valence band to the conduction band and a hole is left in the valence band, which is named interband transition. If the photon energy hx is lower than 2E F , interband transition is not allowed and intraband transition dominates.
The light-graphene interaction is commonly described in terms of complex dynamic conductivity r ¼ r r þ ir i ¼ r inter þ r intra . Here, r inter and r intra are the complex conductivities which are contributed from the interband and intraband transitions. Within the random-phase approximation (RPA), [48] [49] [50] the dynamical conductivity of graphene is
The first term represents the conductivity due to the interband transition. The step function h(W) conveys the condition for a photon exciting an electron from the valence band to the conduction band. The second term represents the intraband transition described by the free electron model or Drude model. For the fermi-Dirac statistics, if E F ) k B T, the intraband conductivity becomes
The contribution of the carrier concentration is described by the Fermi energy n 0 ¼ ðE scattering processes are taken into account by the relaxation time s. The main mechanism of the carrier relaxation is provided by the long range scatterers and gives the collision rate s À1 ¼ ev 2 F =E F l c , where l c is the carrier mobility of graphene. As the conductivity is known, the permittivity of graphene can be calculated through e ¼ ir/W, as well as the refraction index n ¼ ffiffi e p . The calculated result of dynamic conductivity (real and imaginary part), permittivity of doped graphene, in the wavelength from the visible light region to the terahertz (THz) region, is shown in Figs. 3(b) and 3(c) , respectively.
In the high-frequency region, corresponding to the visible and near infrared region, the dynamical conductivity is dominated by loss (real part) due to the interband transition. If the incident photon energy hx > 2E F , the real part of the first term becomes e 2 /4 h, corresponding to a constant light absorption of 2.3% [ Fig. 3(d) ]. 51 Normally, graphene is ptype doped with Fermi energy E F around 0.3 eV. 20 Therefore, if the incident photon energy is higher than 0.6 eV, corresponding to the wavelength shorter than 2000 nm, the light will be absorbed due to interband transition [ Fig. 3(b) ]. By tuning the Fermi energy of graphene, including electrostatic gating or doping, the light absorption of graphene can be controlled. This property exhibits potential applications in dynamical optical devices, which will be discussed in Sec. VI E.
In the lower frequency region, such as infrared and THz region, the dynamical conductivity is dominated by the intraband transition, which is described by Drude model. 52 ,53 the real part of conductivity is much larger than the imaginary part. Therefore, graphene exhibits a metal-like reflection due to the high conductivity in the THz to microwave region.
Because of the atomic thickness of graphene, the strength of the light-matter interaction in graphene is limited. Therefore, photo-active substrates (optical nano/micro structures) are introduced for enhancing the light interaction, such as quantum dots, optical cavities, waveguides, plasmonic nanostructures, and photonic crystals. The strategy is generic and applicable for other 2D materials. In summary, the lightmatter interactions of graphene can be divided into four dif- (EMW). The absorption is because of the ohmic loss of free carriers. (4) From the THz region to the microwave region, graphene exhibits high reflection like metal because of the high conductivity of graphene.
C. Graphene plasmons
Plasmons, the collective oscillations of free electrons excited by EMW in noble metals, possess unique properties for photonic technologies. Doped graphene emerges as an alternative, unique 2D plasmonic material which displays a wide range of extraordinary properties. [54] [55] [56] [57] [58] [59] Considering that a doped graphene is surrounded by medias with dielectrics constants of e 1 and e 2 and the collective oscillations in graphene are excited by EMW of transverse magnetic (TM) mode, the dispersion relation can be simplified as 50, 54 
where K sp is a complex, where the real part represents the propagating plasmonic wave, and the imaginary part represents the decay. The value of K sp can be retraced to the dynamical conductivity r(x) of graphene. The plasmonic wave can be achieved in the far infrared region . Graphene plasmons exhibit some unique properties due to the special energy band structure of graphene: (1) Deep subwavelength effect, which means that the plasmonic wavelength k sp in graphene is extremely shorter than that in free space k 0 , as shown in function k sp =k 0 ¼ ð4a=ðe 1 þ e 2 ÞÞðE F = hxÞ, where a (%1/137) is the fine-structure constant. In the infrared frequency, E F / hx is on the order of 1, so the localized plasmonic wavelength is two orders smaller than k 0 . [55] [56] [57] (2) Long distance in-plane propagation, which means that the graphene plasmonic propagation distance (1=ðIm½K sp Þ) can reach up to 100 plasmonic wavelengths. 55, 56 (3) High tunability of the plamonic effect. As the dispersion relation is dependent on the Fermi energy of graphene, the plasmons on graphene can be controlled, e.g., by electrostatic gating, doping, and optical pumping. [55] [56] [57] [58] Localized plasmons in graphene nano/micro patterns can be directly excited by EMW [ Fig. 3(f) ], which is another kind of plasmonic mode paralleling to the propagating surface plasmon. [60] [61] [62] [63] Without considering the interaction of nearby patterns, the localized plasmon frequency for a nanopattern can be seen as a damped oscillator, and the effective optical conductivity is given by the following functions:
where d is the pattern size, e m is the media dielectric constant, e is the vacuum permittivity, C is the damping frequency s À1 , and f is the fill factor of the graphene area over the total area. Drude weight is proportional to the Fermi energy of graphene and thus the localized plasmon mode in graphene can be controlled by electrostatic gating or doping.
D. 2D semiconductors
Electronic properties
Apart from semi-metallic graphene, 2D semiconductors with finite bandgaps, such as TMDs, BP, and III-VI layered materials, are particularly interesting for semiconductor physics and devices.
The diversity and variability of band structures of 2D TMDs which cover the range from semiconducting to metallic make this kind of 2D materials a powerful candidate for building functional devices. The band structures of 2D TMDs differ a lot from their bulk crystals. As the material becomes thinner from the bulk to the monolayer, the band structure of TMDs transits from the smaller indirect bandgap one to a larger direct bandgap one due to quantum confinement effects. 65, 66 The lattice structure and band structure of monolayer MoS 2 are shown in Figs. 5(a) and 5(b), respectively. Due to the heavy transition metal atoms and the direct-gap band edges associated with d-orbital electrons, TMDs have strong spin-orbit coupling (SOC), which greatly differs from graphene. 67, 68 The spin degeneracy at the K point in the valence band of monolayer TMD is removed by SOC, while the degeneracy at the conduction band is conserved [ Fig. 5(b) ]. 69 The energy splitting of the valence band in monolayer MoS 2 and MoSe 2 is predicted to be 160 and 180 meV, respectively. 67, 70 Energy valley is another degree of freedom in 2D TMDs beyond the spin. Two distinguished valleys K and K 0 points are presented at alternative corners of the hexagonal Brillouin zone. The inverse symmetry breaking leads to different orbital magnetic moments at K and K 0 points, making it possible to achieve valleytronic devices [ Fig. 5(c) ]. Valley polarization in monolayer MoS 2 can be approached by optical pumping with circularly polarized light, and the consequent valley-based devices can be fabricated. 68, 71 The valley degree of freedom can generate an ultrahigh pseudo-magnetic field in monolayer TMDs and lead to the valley quantum Hall effect. 72, 73 BP exhibits narrow bandgaps ranging from 0.3 eV (for bulk) to 1.5 eV (for monolayer) depending on its thickness, which bridges the spectral gap between zero-gap graphene and relatively wide gap TMDs. Moreover, regardless of the number of layers, BP shows an intrinsic direct-gap feature, giving rise to potential applications in light detection and emission in the infrared range. 74 BP shows very strong inplane anisotropy with two nonequivalent lattice directions: the zigzag one which is parallel to the phosphorus atomic ridge and the armchair one which is perpendicular to the ridge [ Fig. 5(a) ]. 75, 76 This unusual anisotropy makes the effective carrier mass of BP highly sensitive to the concerned direction in the momentum space, as shown in Fig. 5(d) . 17 The consequent anisotropy electronic properties of BP are investigated with the angular dependence of the conductance. 75 Some other 2D semiconductors, such as ReS 2 , are also reported to have similar anisotropy characteristics. 77, 78 A summary of band alignments of 2D semiconductors is provided in Fig. 5(e) . 79 By choosing proper band alignment (i.e., types I, II, and III) between 2D semiconductors, desired applications could be achieved.
Optical properties
When illuminating a 2D semiconductor with photon energy larger than its bandgap, the optical absorption occurs exciting the electrons in the valence band into the conduction band. The reverse process leads the electron and hole pairs to relax to the band edges and then recombine as emitting photons with energy equal to the bandgap of the semiconductor, resulting in photoluminescence (PL). As shown in Fig. 6 (a), the electron and hole pair formed by a strong electrostatic Coulomb force is regarded as an elementary excitation called an exciton. The exciton is electrically neutral and has an energy level within the bandgap of the semiconductor. The binding energy of an exciton originating from the Coulomb interaction would reduce the optical transition energy but is negligible in bulk TMDs. However, the Coulomb interaction is strongly increased when the TMD is thinned down to the 2D system due to quantum confinement effects. 80 That is why in 2D TMD, the optical bandgap measured by optical methods is much smaller than the electronic bandgap measured by electronic methods. For monolayer MoS 2 , the exciton binding energy is in the range of 0.48 eV to 0.89 eV, 81, 82 leading to the large difference between the optical and electronic bandgaps. Therefore, it is a significant issue about which kind of bandgap should be considered in 2D TMD devices.
For monolayer TMD semiconductors, two feature peaks can be detected in PL and optical absorption (reflectance) spectra, corresponding to A and B excitonic transitions associated with the SOC-induced splitting of valence band edge [Fig. 6(b) ]. 83 The peak positions of A and B excitons of monolayer MoS 2 are 1.8 and 2.0 eV, respectively. 84 When increasing the MoS 2 film thickness, a slight red shift in both A and B exciton peaks ($20 meV) is detected originating from the fact that the direct bandgap of MoS 2 is weakly dependent on the thickness. 84 For monolayer TMDs such as MoS 2 and WS 2 , an absorption rate for sunlight up to 5%-10% was reported, which showed one order of magnitude higher than those in traditional semiconductors such as Si and GaAs. 85 Furthermore, electron-bound exciton, which is a negatively charged quasiparticle consisting of two electrons and a hole, is usually called a trion [ . 86 Compared to the bulk semiconductor, the binding energies of trions in monolayer TMDs are much larger ($18 meV for monolayer MoS 2 ), making the trion transition (A À ) clearly observable. 86 By chemical doping and/or electrical gating on monolayer TMDs, switching between exciton and trion peaks can be detected in PL spectra. 86, 87 The exciton PL intensity of monolayer MoS 2 can vary by two orders at different gating voltages, while the trion PL intensity almost remains the same. 86 The chemical doping induced PL intensity modification will be discussed in Sec. IV B.
As discussed above, intriguing optical properties can emerge in anisotropic 2D semiconductors. For instance, monolayer BP presents a strong angular polarization dependence of relative optical extinction and PL quantum yield. 88 Like graphene, nano-patterned BP can support localized plasmonic resonance at the wavelength of around 30 lm, because of the relatively high mobility. 89 A unique point is that the localized plasmonic effect presents a strong polarization dependence due to the anisotropy of BP. Figure 4 presents a summary of bandgaps of 2D semiconductors. The diversity of 2D semiconductor family gives an appealing spectral coverage of the bandgaps ranging from the ultraviolet to the infrared. Through material selecting and structure designing of 2D semiconductors, various optoelectronic applications can be achieved in a certain spectral range.
E. h-BN
Monolayer h-BN contains alternating boron and nitrogen atoms in arrangements of a hexagonal lattice with strong sp 2 bonds between them, which is similar to the lattice structure of graphene. h-BN, with a large bandgap of $5.97 eV, performs an intrinsically insulating behavior. 90 The band structure of 2D h-BN is not sensitive to the number of layers and is very close to that of the bulk crystal. Particularly, an ultra-smooth surface with the root mean square roughness of $50 pm can be found on h-BN, a much lower value than that of thermally grown SiO 2 ($250 pm). 91 Due to the strong B-N covalent bonds in the plane and the absence of dangling bonds at the surface, h-BN has excellent chemical and thermal stability with high resistance to oxidation and to damage of high temperature up to $1500 C in air. Moreover, h-BN has a high dielectric breakdown field of 7.94 MV/cm, which is comparable with conventionally used dielectrics such as SiO 2 . 92 With the unique structural and physical advantages, h-BN is regarded as a promising assistant material to enhance the electronic and optoelectronic performance of other 2D materials. 93 What is more interesting on fundamental physics is that graphene/h-BN heterostructure provides a platform for studying many-body correlation effects of Dirac fermions in graphene, such as the fractional quantum Hall effect in the high magnetic field.
94-96 h-BN is also found to have other applications such as carrier tunneling layer 92, 97, 98 and deep ultraviolet optoelectronics. 90 
III. SYNTHESIS AND PROCESSING
The electronic and optoelectronic properties of 2D materials affected by the structural characteristics are often induced by the synthesis and assembly process. Top-down and bottom-up are the two common approaches for the synthesis of 2D materials, including mechanical or liquid-phase exfoliation and chemical vapor deposition (CVD) or epitaxial growth, which provide a wide variety of options to determine the quality and cost of 2D materials for various potential applications. No matter what the method is to get the 2D material, integration with other materials by design is an important strategy to achieve specific functions and applications. Thus, the transfer and assembly process for 2D materials should be optimized to minimize the damage of the surface and interface of 2D materials and their heterostructures.
A. Top-down
Mechanical or liquid-phase exfoliation is a typical topdown method for making 2D materials, in which the driving forces can break the weak vdW interaction between the layers in bulk layered materials. Since the first demonstration in one-atom-thick graphene exfoliated by scotch tape [ Fig. 7(a) ], this easy yet approachable exfoliation has been serving as a promising processing method for proof-ofconcept demonstrations. 1 The obtained 2D materials show high-quality with few defects, which present remarkable fundamental electronic and optoelectronic properties. However, this method is seriously restricted to wide applications due to the low-throughput and difficulty of control. Liquid-phase exfoliation is another top-down method which exfoliates the layered crystals in solvents. In this process, matched solvents (such as N-methyl-pyrrolidone and dimethylformamide) or intercalators (such as butyllithium and metal naphthalenide) are the key factors which could break the weak vdW interaction between the layers via sonication [ Fig. 7(b) ]. [99] [100] [101] [102] [103] [104] Particularly, the Hummers method has been used for synthesis of large-scale graphene oxide (GO). [105] [106] [107] [108] The bulk graphite is first oxidized to form graphite oxide, and then the graphite oxide can be exfoliated into GO under sonication and centrifugation. The reduced graphene oxide (rGO) could be obtained by removal of oxygen-containing functional groups. All these liquid-phase exfoliation methods for preparing 2D materials are of low cost and provide high yield. However, the crystal quality of 2D materials is often degraded and many functional groups or residual solvent and ions would affect the electrical properties of 2D materials.
B. Bottom-up
Due to the limitation of the top-down methods, bottomup approaches for the synthesis of 2D materials are especially important and urgent. Early research primarily focused on the surface segregation of from the surface of transition metals 6 or epitaxial growth from the surface of silicon carbide. 7 After that, CVD is a widely used method to synthesize large-area and high-quality uniform 2D materials [ Fig. 7(c) ].
For the synthesis of graphene films, many metals, such as Cu, 109, 110 Ni, 111, 112 Ge, 113 and Pt 114 have been used as the growth substrates, where surface segregation/precipitation or surface adsorption process of carbon was considered to be the mechanism for graphene growth. 115 Here, gas, liquid, and solid carbon sources can be used for the synthesis of graphene. [116] [117] [118] [119] In the case of hydrocarbon gas as a source, the growth of graphene can be divided into the following steps: (i) pyrolysis of hydrocarbon; (ii) adsorption, dehydrogenation, and diffusion of carbon species on or into metal; and (iii) nucleation and crystal growth. Thanks to the low carbon solubility and easy processing technology, Cu is considered to be a suitable choice for the growth of monolayer graphene films. 109 In this case, minimized carbon supply, high temperature, and smooth Cu surface with minimal active sites will result in a low nucleation density of graphene. [120] [121] [122] Due to the energetic favor of hydrogen-terminated graphene edges, high H 2 partial pressure can decrease the growth rate, while oxygen, which is conducive to the dissociation of hydrocarbons, is found to increase the growth rate of graphene domain. [123] [124] [125] [126] All these parameters will lead to the fast growth of large single-crystal graphene.
Other 2D materials, such as h-BN, 142 Decomposition of thiomolybdate is an alternative approach to obtain sizable 2D TMDs. 143 However, the above methods are likely to obtain TMDs with nanoscale grain sizes. The most popular processes for synthesizing high-quality and scalable 2D TMDs are adopting metal oxide powders and chalcogen powders as the precursors in CVD systems. [131] [132] [133] [134] It is found that the growth of atomically thin TMDs can be promoted by adding seed molecules or creating step-edge structures on the substrate due to the decreased nucleation energy barrier. 133, 144 The morphologies of 2D TMDs obtained by CVD methods are highly dependent on the reaction temperature, the amounts of precursors, and the precursor-substrate distance. 145 Moreover, wafer-scale monolayer TMDs with high spatial homogeneity are synthesized by the metal-organic CVD technique. 146 Furthermore, direct synthesis of vdWHs is of crucial importance for electronic and optoelectronic applications. [155] [156] [157] [158] [159] in which the formation of TMD alloys is suppressed due to different growth temperatures and rates of each one.
C. Transfer and assembly
Device fabrication and heterostructure assembly based on 2D materials require efficient and non-destructive transfer methods. The polymer-protected wet transfer method has been widely used for mechanical exfoliated or CVD-growth 2D materials. 109, 143, 160 First, polymer such as poly(methylmethacrylate) (PMMA) is spin-coated onto the 2D material. Second, the sample with the polymer coating layer is detached from the substrate (e.g., etching Cu in a liquid etchant or SiO 2 in a NaOH/HF solution). At last, the polymer protected sample can be transferred to the target substrate and the polymer is dissolved in an organic solvent [ Fig. 7(d) ].
Although the wet transfer method is easy in the process, polymer residues can still be observed after dissolving and they affect the electrical properties of 2D materials. 37, 161 Irregular wrinkles and cracks on the wet transferred 2D materials are also hard to avoid, which have a negative effect on electrical and optoelectronic performances of 2D materials. Dry transfer methods have been developed to resolve the above drawbacks of wet transfer processes. [162] [163] [164] For example, the poly(dimethylsiloxane) (PDMS) stamp first peels off one 2D material from the substrate. When the PDMS stamp with the 2D material is getting contact with another one, both 2D layers are lifted up on the PDMS. By repeating this procedure, more 2D layers can be added to achieve the 2D material stacking with clean interfaces [ Fig. 7(e) ].
IV. STRUCTURAL MODIFICATIONS
This part will summarize the structural modifications of 2D materials, which could significantly adjust the physical properties of these layered materials and affect the performance of their electronic and optoelectronic devices. The unique structural properties of 2D materials, such as defects, dopants, component, phase, the number of layers, strain, and corrugation at the nanoscale, which play a key role in properties, are emphatically surveyed.
A. Defects
Having defects in crystals is one of the most important structural properties of semiconductors since it can alter their electronic and optoelectronic properties. For instance, defects can affect the local electronic structure, the carrier density, the thermal conductivity, and the mechanical strength of 2D materials. Point defects and line defects are the most important lattice imperfections for 2D materials, which are mainly generated at the synthesis process or/and chemical/physical post-treatment. 165, 166 Moreover, the defects in 2D materials could be observed or characterized by High-resolution transmission electron microscopy (HRTEM), scanning tunneling microscopy (STM), and Raman spectroscopy, and theoretical calculations also provide the formation behavior of such structure.
Point defects
a. Stone-Wales defect. Stone-Wales defect of graphene is a unique defect containing two pentagons and two heptagons (55-77) from rotating two p-bonded carbon atoms by 90
[ Fig. 8(a) ]. 167 This reconstruction retains the pristine number of atoms and does not involve any dangling bonds. Although the formation energy of this Stone-Wales defect in graphene is approximately 5 eV via calculation, the substantial energy barrier is nearly 10 eV due to the rearrangements of carbon atoms. 167 This high energy means that the reconstruction is stable at room temperature as long as the Stone-Wales defect is formed.
b. Vacancy defects. Vacancy defects are the lattice sites where one or more atoms are missing. When an odd number of carbon atoms are missing in graphene, dangling bonds will remain due to geometrical reasons which make the structure chemically active and many functional groups, such as hydroxyl and carboxyl can be easily attached to the vacancy defects. For instance, single vacancy in graphene results in the formation of a (5-9) defect [ Fig. 8(b) ]. 168 In particular, the formation energy for the single vacancy is as high as 7.4 eV in graphene, while its migration energy is about 1.7 eV by calculation. 169 On the other hand, when an even number of carbon atoms are missing, the dangling bonds can be healed for the connectivity of carbon atoms. For a double vacancy in graphene, no dangling bond is present and a reconstructed (5-8-5) defect is thermodynamically favored [ Fig. 8(c) ]. 170 Meanwhile, the migration for the double vacancy is about 7 eV, higher than the energy for the single vacancy, making this double vacancy immobile. 169 In contrast to the one-atom-thick graphene, the vacancy defects in 2D TMDs are far more complex because of the three-atom-thick binary element structures of monolayer TMDs. In monolayer MoS 2 , different types of defects are involved, including mono-and disulfur vacancies, vacancy complex of Mo and nearby three sulfur, and vacancy complex of Mo and nearby three di-sulfur pairs. Density functional theory (DFT) calculations show that the mono-sulfur vacancy has the lowest formation energy across the whole range of S chemical potential. 171 c. Adatoms. Unlike bulk crystals, interstitial defects are not thermodynamically favorable in 2D materials owing to the prohibitively high energy in the single atomic plane structure. Instead, additional atoms tend towards the third dimension to form defects in 2D materials. When the adatoms interact with a perfect carbon hexagon in graphene, physisorption with weak bonding or chemisorption with strong covalent bonding will occur. Yet, the adatoms can also be pinned or trapped by other defects which serve as reactive sites. In specific conditions, if additional carbon atoms interact with carbon atoms in graphene, sp 3 -hybridization will possibly appear locally. However, the migration barrier for this additional carbon atom is about 0.4 eV by calculation, which means that the carbon atom on the graphene surface can migrate rapidly at room temperature. 172 On the other hand, the interaction between additional foreign species (non-carbon atom) and carbon hexagon would affect the electrical properties of graphene. For example, gas molecules adsorbed on the surface of graphene can change the local carrier concentration. 173 Hydrogen or fluorine can also form hydrogenated or fluorinated graphene when C-H or C-F is added covalently upon chemical modification. [174] [175] [176] Since perfect graphene is relatively inert, the molecules from physisorption and chemisorption on graphene can desorb under high annealing temperature or other conditions and the initial state of graphene can be recovered. 177 d. Substitutions. Foreign atoms can also be substituted to replace intrinsic atoms in 2D materials, leading to substitutional defects. In view of the different bond lengths between non-carbon and carbon atoms, the non-carbon atoms may be placed out of the plane. 178 What is more important is that the formed covalent bond is so strong that the substitutional impurities are very stable. The effect of substitutional defects on the properties will be discussed in Sec. IV B.
2. Line defects a. Grain boundary. Line defects in polycrystalline 2D materials mainly include grain boundary and edge defects, both of which are also symmetry-breaking. For the synthesis of 2D materials by CVD or epitaxial growth, polycrystals can be easily generated when the nucleation occurs simultaneously at different points and these domains coalesce with different lattice orientations on the substrate. 179 The grain boundaries, separating the rotationally disordered domains, are of great importance related to the grain size and the corresponding electrical properties of 2D materials. [180] [181] [182] [183] Normally, grain boundaries in graphene are described by a class of topological defects. The dislocation in graphene, for instance, can be considered as a semi-infinite strip of the structure with a pentagon-heptagon pair without dangling bonds. Here, Burgers vector (b), which is a vector of the crystal lattice, can be introduced to describe this dislocation defect. b ¼ (1,0) and b ¼ (1,1) are shown in Fig. 9(a) , reflecting the atomic structures of dislocation. Large dislocation density corresponds to large misorientation angles h (h ¼ h L þ h R (0 < h < 60 )), and two large-angle grain boundaries (h ¼ 21. 8 and h ¼ 32.2 ) are represented in Fig.  9(b) . 184 In normal conditions, grain boundaries can impede the electronic transport of graphene. For example, a significantly reduced conductance of crossed grain boundaries in graphene is found compared with each single-crystalline graphene [ Fig. 9(c)] . 181 However, when two domains have overlapped at their grain boundaries in graphene, the conductance would be enhanced because the scattering properties in the overlap region are improved [ Fig. 9(d) ]. 182 For monolayer MoS 2 , (5-7) and (8-4-4) defects are often observed at grain boundaries [ Fig. 9(e) ]. For example, the atomic structure of (1,0) dislocation can be found, following the same as b in graphene. Due to these three-atom-thick binary element structures of MoS 2 , two-layer of (5-7) rings are joined at the middle layer of Mo, accompanied by a Mo-Mo bond [ Fig. 9(f) ]. 133 Particularly, in sulfur-rich conditions of the CVD process, two Mo-S bonds substituting the middle-layer Mo-Mo bond are more energetically favorable compared with other S 2 substitutions [ Fig. 9(g)] . 133 It is known that two main grain boundary types, tilt, and twin, exist in polycrystalline MoS 2 and it is found that tilt grain boundaries in MoS 2 can cause significant degrading of electrical properties [ Fig. 9(h) ]. 183 Moreover, grain boundaries in monolayer TMDs can cause PL intensity decrease, providing a facile way to observe grain boundaries. 131, 134 b. Edge defects. 2D materials are always ended either with dangling bonds or with the saturation of the functional group. The typical edge structures in graphene are zigzag and armchair edges [ Fig. 9(i) ], which exhibit the minimized number of dangling bonds. Significantly, the bandgap of graphene nanoribbon with narrow widths (<10 nm) and welldefined edge structures can be tuned, which makes it possible to be used in high-performance electronic devices. In the structure of CVD-grown monolayer MoS 2 , single-crystal triangles with well-defined edges orient either along Mozigzag or along S-zigzag directions [ Fig. 9(j) ]. For the case of narrow ribbons, particularly, edges can serve as the scattering centers for electrons and phonons.
B. Dopants
Dopants are desirable because these foreign species can adjust the Fermi level, modify the electronic structure, or inject charge into the electron system of 2D materials. Spatially controlled doping by ion implantation has been widely used in bulk semiconductors. However, alternative methods for doping 2D materials have to be investigated, since the ion implantation technique is difficult to be adopted in the 2D system. Substitutions and adatoms in 2D materials are the important categories besides electrostatic doping.
Substitutional doping
Substitutional doping of foreign atoms offers a controllable and stable doping method for 2D materials. Typically, boron (B, called an acceptor), the substitutional impurity atom replacing a carbon atom, can dope graphene as p-type (hole is created in the valence band). Similarly, nitrogen (N) atoms (called a donor) can dope graphene to n-type (the electron is donated to the lattice in the conduction band). These substitutional dopants may lead to strong scattering by which the electrical conduction of graphene is greatly affected. For example, n-type graphene can be achieved by introducing Ncontained precursors, such as NH 3 , CH 3 CN, and C 5 H 5 N, accompanied by the carbon source in the CVD growth process [ Fig. 10(a) ]. [185] [186] [187] [188] Besides, post-growth treatments, such as plasma treatment in N-contained gas, are also implemented to dope graphene. 189, 190 It is found that the N-doped graphene exhibits a lower carrier mobility but larger on/off ratio than that of intrinsic graphene. 186 Although the carrierdefect scattering can affect the carrier mobility, the substitutional N atoms can alter the electronic structure of graphene and make it meaningful in electronic and optoelectronic devices. In addition to B and N, 191 other substitutional atoms, such as phosphorus (P), 192 silicon (Si), 193 and sulfur (S), 194 can also dope graphene. Besides, some substitutional doping methods both during synthesis and post treatment are adopted in 2D semiconductors. [195] [196] [197] [198] For instance, manganese (Mn) doped MoS 2 via in situ vapor phase deposition on graphene would modify its band structure, and the substrate surface chemistry is the dominant factor in this doping process. 198 Laser-assisted spatial controlled P doping in MoS 2 also can be achieved [ Fig. 10(b) ]. 198 The laser gives rise to creating S vacancies and dissociating the dopant molecules (PH 3 ) and enables the substitution of S atoms with P.
Surface doping
Another method for doping 2D materials has been achieved by adsorbing inorganic or organic molecules on its surface. In general, adatoms, unlike substitution, do not disrupt strongly the electronic structure of graphene and the doping effect will weaken or disappear if these molecules desorb from graphene. Similarly, molecules with electron donating groups lead to n-type graphene and molecules with electron accepting groups lead to p-type graphene. For example, H 2 O 2 , NO 2 , Br 2 , I 2 , and tetrafluoro-tetracyanoquinodimethane (F 4 -TCNQ) are the strong electron acceptors and graphene can be p-type doped when interacting with these additional atoms. 173, 199, 200 NH 3 , ethanol, and poly(ethylene imine) (PEI) can dope graphene with electrons, resulting in n-type doping. 173, 201 Moreover, graphene can be chemical modified or doped via hydrogenation, fluorination or chlorination with covalent C-H, C-F or C-Cl bonds through plasma reaction or photochemical process. 202, 203 On the other hand, graphene can also be doped by the substrate or metal electrode. [204] [205] [206] That means the electrical properties of graphene could be adjusted when it contacts with other materials in devices. For example, Au and Pt deposited on graphene can cause p-type doping, while Al, Ag, and Cu deposited on graphene induce n-type doping to graphene driven by the work function difference Fig. 10(c) . 206 Chemical doping in 2D semiconductors has also attracted considerable attention. The redox potentials of the dopants with respect to the surface potentials of 2D semiconductors determine the doping type. Taking the monolayer MoS 2 as an example, nicotinamide adenine dinucleotide (NADH) molecules have an electron surface potential higher than that of MoS 2 , so electrons transferring from NADH to MoS 2 film will take place when the dopants are absorbed by MoS 2 , thus causing n-type doping [ Fig. 10(d)] . 87 On the contrary, for dopant molecules with surface potentials lower than that of MoS 2 , such as F 4 TCNQ and 7,7,8,8-tetracyanoquinodimethane (TCNQ), electrons will transfer from MoS 2 to the dopants, leading to p-type doping. Besides, various kinds of molecules, such as potassium (K), 207 benzyl viologen (BV), 208 and bis(trifluoromethane) sulfonamide (TFSI) 209 213, 214 Particularly, chemical dopants can induce great modifications to the PL properties of 2D TMDs. The PL intensity of monolayer MoS 2 is significantly enhanced when p-type dopants are adopted, while it decreases by n-type doping. 87 The switching between PL spectra with exciton and trion is responsible for the doping induced PL intensity evolution.
C. Alloying
Alloying in 2D materials can bring continuously tunable bandgap by changing the composition percentages, which is similar to bulk semiconductors. For example, graphene can be hybridized with separated-domain h-BN and this BNC alloy has the tunable properties. 215 Moreover, the similar crystal structures and lattice constants between two different TMDs make the consequent 2D alloy materials chemically stable. Figure 11(a) shows a schematic diagram of the 2D MoS 2(1-x) Se 2x and the corresponding bandgaps as a function of concentration index x. 216 The bandgap of the alloy retains direct, ranging from $1.9 to $1.6 eV as the index x increases from zero to unity. Optical properties (such as PL and Raman spectra) of the TMD alloy can reveal the complete tunability of bandgap. 195, 217 For example, the PL peak position gradually shifts from 668 nm (MoS 2 ) to 795 nm (MoSe 2 ) as the x index increases for monolayer MoS 2(1-x) Se 2x [ Fig.  11(b) ]. 217 Other ternary 2D TMD semiconductors, such as WS 2(1-x) Se 2x and Mo 1-x W x S 2 , are also experimentally achievable and their bandgap tuning can be observed. 218, 219 It is worth noting that unlike semiconducting alloys, the monolayer W x Mo 1-x Te 2 alloy can lead to a metal-insulator transition as the composition index x changes because both H and T 0 phases are stable in this alloying system. 220 
D. Phase transition
Phase transition in bulk TMD semiconductors has been well studied for decades. The 2H semiconducting phase has a trigonal prismatic arrangement of atomic layers (ABA stacking) which belongs to the group symmetry of D 3h [ Fig.  12(a) ], while the 1T phase has an octahedral arrangement (ABC stacking) with the symmetry D 3d [ Fig. 12(b) ]. For most layered TMD materials, the 1T phase is not stable thermodynamically even at room temperature. 221 Distorted 1T (1T') phase which is similar to the 1T phase but with lower symmetry [ Fig. 12(c) ] is energetically favorable in some layered TMDs like MoTe 2 . Tuning the phases of TMDs can achieve transitions between semiconducting and metallic states [ Fig. 12(d) ], providing an effective approach to reducing the contact resistance in TMD-based FETs. [222] [223] [224] In contrast to the high resistance (0.7-10 kX lm) at metal contact in MoS 2 FETs, a much lower resistance of 200-300 X lm is realized at the 2H-1T interface of patterned MoS 2 [ Fig.  12(e) ]. 223 Charge transfer to the TMD lattices (e.g., MoS 2 , WS 2 , MoSe 2 , and WSe 2 ) can enhance the d-orbital electron density of the transition metal atom, leading to the 2H-1T phase transition. [223] [224] [225] Here, various methods for effective phase engineering of 2D TMDs are proposed: (1) Chemical treatment. For instance, 2H monolayer TMDs can be converted to the 1T phase via lithiation using butyllithium. 225 A consequent annealing process drives the 1T phase TMDs back to the stable 2H phase. In addition, long-term stability of the 1T 0 phase TMDs can be achieved by hydrogenating the intercalated Li to form lithium hydride (LiH). 226 (2) Plasmonic hot electron transfer. Monolayer MoS 2 with gold nanoparticles deposited can generate a transient reversible 2H-1T phase transition when applying illumination, which is induced by plasmonic assisted hot electron transfer from gold nanoparticles to MoS 2 .
(3) Electron beam irradiation (EBI). Electron beam irradiation (EBI)
is known to cause the transition from the crystalline phase to the nanocrystalline phase in carbon materials including graphene. 228, 229 For 2D TMDs, EBI can provide a top-down patterned fabrication of 1T phase and the consequent in-plane 2H-1T Schottky junction. 230 (4) Strain. The room-temperature 2H-1T 0 phase transition can be induced by applying tensile strain in the MoTe 2 thin film. 231 Noting that both the semiconducting 2H phase and the metallic 1T 0 phase are stable in MoTe 2 , so this repeatable and revisable phase transition under ambient conditions is more promising for device applications.
E. Number of layers
The band structures of 2D materials strongly depend on the number of layers because the vdW interaction plays an important role in the 2D system. For instance, in monolayer graphene, the energy dispersion near the Dirac point is linear, leading to its semimetal and massless Dirac fermion features. However, the energy dispersion relation in the lowenergy regime is parabolic due to interlayer coupling in bilayer graphene. 27 By applying an external electric field across the vertical direction of the bilayer graphene, a finite bandgap can be opened [ Fig. 13(a) ]. 27 Besides, the quantum dynamics in bilayer graphene is affected by a 2p Berry's phase; as a result, an integer quantum Hall effect without the zero-level plateau can be detected, which is very different from the case in monolayer graphene. 232, 233 The band structures of TMD semiconductors are also highly dependent on the number of layers. Figure 13(b) shows the calculated band structures of representative MoS 2 with a number of layers from the bulk to the monolayer. 234 The direct bandgap at the K point is associated with the d orbitals of electrons at the Mo atoms, which minimize the interlayer coupling effects. 235 As a result, the direct bandgap is not affected by the decrease of material thickness. On the other hand, the indirect bandgap from the valence band maximum at the C point is associated with both d orbitals at M atoms and p z orbitals at X atoms. As the MoS 2 semiconductor is thinned, the indirect bandgap decreases due to the interlayer coupling, or in other words, the quantum confinement effects. 66 When the number of layers decreases to one, the indirect bandgap becomes larger than the direct one, leading to the transition of the material from the indirect bandgap to the direct bandgap. 65, 66, 235 For instance, bulk MoS 2 has an indirect bandgap of $1.2 eV while the monolayer exhibits a direct optical bandgap of $1.9 eV. 235 Exceptionally, the band structures of some other TMDs (Like NbS 2 , ReS 2 ) with weak interlayer coupling do not change much with the thickness modification. 66 Figure 13(c) shows the bandgap change as a function of film thickness in some TMDs, BP, and ultra-thin Si. It is clear that the large bandgap broadening effect is estimated in Si with a thickness smaller than 3 nm. In this regard, 2D semiconductors with relatively small bandgaps are competitive candidates in ultra-thin and low-power devices in the post-silicon era.
PL investigations provide experimental evidence for this indirect-to-direct bandgap transition. The luminescence efficiency of monolayer MoS 2 can reach a near-unity value of $95%, 209 while a three-order decrease of PL quantum yield is detected in few-layer (2-6 layers) MoS 2 [ Fig.  13(d) ]. 235 Besides, applying an external vertical electric field to bilayer TMD semiconductors, the bandgap decreases as the perpendicular electric field increases. 236 In particular, continuous bandgap tuning down to zero for the MoS 2 bilayer can be achieved by dual gating. 237 Besides, the lowfrequency Raman breathing mode can be used as a good indicator for interlayer interactions. 238 
F. Strain
Strain engineering is an effective way to tune the electronic properties of semiconductors because energy band characteristics around the Fermi level are very sensitive to orbital coupling neighboring atoms. However, bulk materials cannot endure a high enough elastic strain to have sufficient changes in their physical properties. In contrast, 2D materials have excellent elasticity and high Young's modulus for strain engineering. 242, 243 Several ways have been demonstrated to introduce strain into 2D materials: (1) Using the piezoelectric substrate to generate controllable biaxial strain by applying voltage between the sides of the substrate, which can be efficiently transferred to the 2D materials. 244, 245 (2) Inducing controllable biaxial strain on a certain point of the 2D materials by tuning the atomic force microscope tip. 243, 246 (3) Applying strain to 2D materials via the patterned substrate. 247 One of the indications induced by strain is the shifts in Raman spectra of 2D materials. 248 strain induces redshifts while the compressive strain induces blue shifts in Raman in-plane vibrational modes. It has shown that under uniaxial tensile strain, the Raman G peak of graphene gives a redshift at a rate of @x G =@e h ¼ À14:2 cm À1 =%, where x G is the frequency of the G mode and e h is the hydrostatic component of strain; 29 and that under biaxial compressive strain, the Raman G peak gives a blue shift at a rate of @x G =@e ll ¼ À57:3 cm À1 =%, where e ll indicates the parallel strain tensor component. 244 Unlike the biaxial strain, the uniaxial strain is anisotropical, thus breaking the hexagonal symmetry in 2D materials. As a result, some Raman modes associated with high symmetry of 2D materials will be split under large uniaxial strain [ Fig.  14(a) ]. 249 In contrast, when biaxial strain is applied in monolayer MoS 2 , the E 2g mode remains symmetrical. 245 Strain engineering offers an efficient and controllable way to open graphene's bandgap. The first-principles calculation has predicted that 1% uniaxial strain could create a 300 meV bandgap opening in graphene [ Fig. 14(b) ]. 29 Patterned substrate induced periodical strain in graphene could result in bandgap opening. 247 Strain-induced bandgap engineering of 2D semiconductors is another interesting topic. Theoretical works have shown that compressive strain makes the bandgap increase while tensile strain makes the bandgap decrease in 2D TMD semiconductors. 250 Furthermore, the direct to indirect bandgap transition in 2D TMDs would occur when strain is applied [ Fig. 14(c) ]. 65 The biaxial compressive strain could make a 100 meV per % PL blueshift in monolayer MoS 2 , 245 while uniaxial tensile strain could induce PL red shifts in monolayer MoS 2 [ Fig.   FIG. 13. (a) Schematic diagrams of lattice structures and the corresponding band structures of monolayer graphene, bilayer graphene, and bilayer graphene under the vertical electrical field. The opened bandgap 2D can be tuned by the magnitude of the field. 27 Reprinted with permission from Oostinga et al., Nat. Mater. 7, 151 (2008) 
14(d)]
. 251 Non-uniform strain in monolayer MoS 2 applied by stretching flexible devices or by AFM tips makes the band bending occurs. The strain-induced charge polarization (also known as the piezoelectric effect) modifies the Schottky barrier at the contact interface and thus generates the electrical response to the strain. 246 
G. Corrugations
Distinctive from bulk and other nanostructure materials, 2D materials would exhibit surface corrugations (such as ripples and wrinkles) due to the intrinsic thermal fluctuations or further processing when they are transferred to arbitrary substrates. In particular, these unique structural characteristics would influence their electrical properties.
Ripples in graphene can exist spontaneously by intrinsic thermal fluctuations. This surface corrugation makes this 2D crystal stable with finite out-of-plane deformation. 252, 253 Unlike 3D crystals, there are no neighboring atoms above or below graphene, so the restoring forces perpendicular to graphene from the adjacent layers are much weaker than those of the bonds. Thus, the carbon atoms can be moved to outof-plane by thermal motion [ Fig. 15(a) ]. Generally, the density of ripples mainly depends on the defects and edges of graphene. 253, 254 The ripples could induce disorder in graphene which results in electron and hole puddles and thus the spatial charge inhomogeneity, leading to the modification of Dirac point with respect to the Fermi level of graphene. The differential tunneling conductivity mapping image of nanoscale structural ripples in graphene reveals the periodic modulation of the local density of states of graphene [ Fig.  15(b) ]. 255 Although the ripples of this 2D crystal are an intrinsic property, they can also be suppressed through depositing graphene onto atomically smooth substrates. 42, 93 Typically, h-BN can suppress the ripples in graphene so that the CVD-grown graphene can yield a carrier mobility as high as $24 000 cm 2 V À1 s À1 .
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Wrinkles nominally have a high aspect ratio in two dimensions, which are mainly formed during synthesis or processing of 2D materials. 43, [256] [257] [258] In most conditions, this deformation is attributed to the uniaxial exterior force between 2D materials and the substrate. For graphene on substrates, the horizontal length of the graphene at the cooling step would be increased due to the negative thermal expansion coefficients while the substrates have an opposite polarity. 257, 258 In addition, the wrinkles are also easily formed when 2D materials are transferred to other substrates with the wet transfer process. Water drain channels exist under the film so that these out-of-plane deformations can form along channels at the adhesion-to-substrate process. 259 To achieve wrinkle-free graphene, many approaches, such as less-deformation support polymers and low-surface-tension organic solvent, are introduced to improve the interaction between the film and substrates. 260, 261 Wrinkles in 2D semiconductors, such as MoS 2 , can bring nonhomogeneous strain and consequently cause the local direct bandgap decreasing [ Fig. 15(c)] . 262 In this funnel-like bandstructure with spatially varied bandgaps [ Fig. 15(d)] , photoexcited excitons will drift to higher strain regions with lower bandgap and then recombine emitting photons with energy lower than the material's intrinsic bandgap.
V. BUILDING BLOCKS
The integration of 2D materials into a device will always involve the interaction with other materials, which is critical to the real-life applications. [13] [14] [15] [16] [17] [18] Generally, metalsemiconductor contacts, p-n junction, and their derivatives (e.g., metal-insulator-semiconductor structures and p-i-n junction) are the basic device building blocks for all major semiconductor devices. Besides, the 2D-dielectric interface is also an important aspect for high-performance devices, which is shown in Sec. VI A. As expected, 2D materialbased building blocks for electronic and optoelectronic devices have been investigated in the last few years.
A. Schottky junction
Graphene-semiconductor contacts
The conventional metal-semiconductor Schottky junction mode could be adopted to describe the transport at graphene-3D semiconductor interface. In general, the Fermi level difference between graphene and the semiconductor would induce charge transport and consequently band bending when they are interfacing with each other, forming a Schottky barrier. The band bending or the depletion layer mainly exists on the bulk semiconductor side because of its lower level of carrier density. Here, we show the proposed energy band diagrams of the Schottky junction enabling us to understand the formation and modification of this barrier height in Fig. 16(a) . 263 Unlike conventional metalsemiconductor Schottky junctions where the Fermi level of the metal keeps constant because of its high density of electrons, the Fermi level of graphene could be sensitively tuned by the appropriate gate bias or doping. 18 Correspondingly, the barrier height can be modified for controlling the transport of carriers at the interface of the graphenesemiconductor Schottky junction. Doping graphene is inevitable during the etching transfer process or when exposed to the air, so the controllable doping method is of great importance. Also, the graphene-semiconductor Schottky junction can be fabricated as a triode device (a barristor) by adding a top gate on graphene which could control the Schottky barrier height and achieve a modulation of current. 264 By adopting 2D semiconductor like MoS 2 as the channel layer, graphene barristors with atomically thin vertical channels are achieved [ Fig. 16(b) ]. 265, 266 Thanks to the tunable Schottky barrier and the ultra short channel length, these 2D barristors promise not only high current on/off ratio but also large oncurrent density, thus allowing their potentials in high-speed applications[ Fig. 16(c) ]. 265 Besides, improving the quality of graphene-semiconductor interface, such as a minimum number of atomic defects, reduction of impurities, and prevention of charge trapping sites, contributes to the formation of ideal Schottky junction. 267 
Metal-2D semiconductor contacts
Metal contacts are frequently used in FETs and related optoelectronic devices based on 2D semiconductors. Generally, for metals with relatively low work functions (such as Sc and Ti), electron injection from metal to MoS 2 is expected to dominate the forward-bias current while for metals with relatively high work functions (such as Ni and Pt), hole injection is predominating. However, experimental results show that all the above four metals give electron injection to MoS 2 . 268 All the transfer curves exhibit n-type performance [ Fig. 16(d) ], indicating that the Fermi levels of all the adopted metals are close to the conduction band edge of MoS 2 . 268 These unexpected performances are attributed to the Fermi-level pinning effects in metal-2D semiconductor junctions, which originates from the chemical bond breaking and defect introduced in 2D semiconductors when depositing metal contacts. For some TMDs such as WSe 2 , the Fermi level of contact metal is pinned near the mid-gap level of WSe 2 , making it possible to tune the transport carrier type (electron, hole, or ambipolar) by adopting different contact metals. 269, 270 Fermi-level pinning effects make the Schottky barrier and the contact resistance of metal-2D semiconductor very large, which limits the application of 2D semiconductor FETs. A prevalent approach to eliminate the Fermi-level pinning is adopting graphene as alternative contact material. 271 An ultra clean and flat interface forms at the graphene-2D semiconductor junction with no chemical bond breaking, thus suppressing the Fermi-level pinning. Another way to reduce the contact resistance is to introduce an ultrathin tunneling barrier, which decouples the interface states of the 2D semiconductor from the metal contacts. 272, 273 Phase engineering, as the third method, is discussed in Sec. IV D. 223 Two mechanisms of carrier transport occur in the metal-2D semiconductor Schottky junction depending on the band bending configurations: thermionic emission (TE) and thermally assisted tunneling (TAT). Carrier TE is dominating in the current-off state while TAT transport through the Schottky barrier dominates in the current-on state. The Schottky barrier height can be derived from the conventional TE theory when the TE process is dominating. 268 B. p-n junction
2D-3D semiconductor heterostructures
A straightforward approach to combine the merits of both 2D semiconductors and conventional bulk semiconductors is to form a p-n junction. Various 2D-bulk p-n junctions, such as MoS 2 -Si, have been demonstrated to build promising devices, including broadband photodetectors and lightemitting diodes. 274, 275 Based on the bilayer MoS 2 -Ge heterostructure, a novel tunnel-FET driven by the band-to-band tunneling mechanism is demonstrated, allowing the subthreshold swing (down to 3.9 mV per decade) to overcome the fundamental thermionic limitation of the conventional FET (60 mV per decade). 276 Charge transfer in the 2D-bulk p-n junction can greatly alter the properties of the 2D semiconductor. For instance, charge transfer in the MoS 2 -GaN heterojunction can cause a 20-fold PL enhancement of MoS 2 . 277 2. 2D-2D semiconductor vertical heterostructures vdWHs constructed by 2D materials offer novel platforms for building fundamental structures without requirements of lattice matching. Among these vdWHs, the 2D p-n junction as schematically illustrated in Fig. 17(a) , which is the most basic building block for constructing various devices, exhibits a lot of intriguing properties including the unconventional depletion region, interlayer exciton coupling, gate tunable carrier transport, etc. Moreover, by exquisitely designing the configuration of the 2D p-n junction, some extraordinary performances in electrical and optoelectronic fields can be achieved.
As is well known, the carrier depletion region in the conventional p-n junction forms the built-in field, which accounts for the band bending within the depletion length (usually submicron level), resulting in the current rectifying behavior of the p-n junction. However, the 2D vdW p-n junction, in which both the vertical p-and n-channels are atomically thin, could have completely distinguished carrier transport mechanisms from those in the bulk p-n junction. Figure 17(b) illustrates the band diagrams of the WSe 2 -MoS 2 p-n junction under forward bias in the vertical direction. Within each semiconductor lateral transport channel, no appreciable potential barriers can be detected [ Fig. 17(b) ]. 278 The lack of the depletion region in the 2D vdW p-n junction makes the forward bias current to be governed by interlayer carrier recombination instead of band bending modification. Two physical mechanisms may be attributed to the interlayer recombination between electrons in the conduction band of MoS 2 and holes in the valence band of WSe 2 : Shockley-Read-Hall recombination assisted by carrier tunneling into trap states and Langevin recombination associated with the interlayer exciton. 278 At a reverse bias, however, depletion of holes in WSe 2 and electrons in MoS 2 occurs in the junction area, causing the large band bending between overlapping (junction) and non-overlapping (homogeneous material) regions in the lateral direction. 278 Theoretical calculations have predicted the type-II band alignment of various 2D vdWHs, such as WS 2 -MoS 2 , WS 2 -MoSe 2, and WSe 2 -MoSe 2 vdWHs. [279] [280] [281] This facilitates the exciton dissociation in the 2D vdW p-n junction, which is essential in optoelectronic applications such as photodetection and light harvesting. Experimental results have shown ultrafast carrier transfer in the 2D p-n junction (hole transfer rate $50 fs in the WS 2 -MoS 2 junction). 282 After the photoexcited electrons and holes relaxed to the conduction band edge of the n-type TMD and the valence band edge of the p-type TMD, interlayer excitons are formed by the Coulomb interaction (interlayer coupling), as shown in Fig.  17(c) . 283, 284 The novel interlayer exciton in the 2D p-n junction can be clearly detected by PL spectroscopy. 284, 285 The lifetime of an interlayer exciton can be much longer than that of an intralayer exciton, resulting from the spatially indirect nature and the lowest energy configuration of the interlayer exciton. Moreover, electrical gating can modify the band alignment of the 2D p-n junction and thus tune the interlayer exciton resonance. 284 On the other hand, light absorption associated with the interlayer transition is observed in 2D vdW p-n junctions, while the photon energy is much lower than the intrinsic bandgap of each individual material. 286 These strong interlayer coupling effects in atomically thin p-n junction originate from the 2D nature and the lack of depletion region in vdWHs, which differs a lot from the case of the conventional bulk p-n junction.
The atomically thin nature of the 2D vdW p-n junction enables the electrostatically tunable carrier transport behavior. The gate-dependent transport of the 2D vdWHs results from the integrated effects of transfer characteristics of individual p-and n-channels. As is shown in Fig. 17(d) , the transfer curve of the hetero-FET on the 2D WSe 2 -MoS 2 p-n junction has three distinct regions. 287 Large series resistance occurs at the junction when either of the 2D semiconductors is depleted, resulting in the low drain current even the other 2D semiconductor is carrier conducting. The intriguing antibipolar behavior of the p-n junction is exclusive to the 2D system with tunable carrier concentration, providing a unique platform for circuit and optoelectronic applications, for instance, wavelength-selective light detection by electrical gating. 288 Both the overlapping junction region and the nonoverlapping individual 2D material region of the 2D vdW p-n junction contribute to its carrier transport. Taking 2D MoTe 2 -MoS 2 junction as an example, it is found that the device properties, such as drain current, are strongly dependent on the device configuration (short or long nonoverlapping region). 289 In fact, the non-overlapping channel with high resistance causes the relatively low on-current density and low electrical/photonic response speed in the stacking 2D p-n diode, which limits its potential in practical applications. One solution is to apply transparent graphene as electrodes on the all-overlapping vertical stacking 2D p-n junction [ Fig. 17(e)] . 278 This device configuration enables an atomically thin semiconducting channel, giving rise to the large on-current density and efficient photoexcited carrier separation in the junction region [ Fig. 17(f) ).
The tunnel diode (Esaki diode) can be fabricated on 2D vdWHs using highly doped 2D materials or dual-gated configuration to achieve the broken-gap band alignment. 290, 291 For example, prominent negative differential resistance (NDR) behavior was observed in the degenerate 2D BPSnSe 2 p-n junction even at room temperature [ Fig. 17(g) ]. 290 Carrier band-to-band tunneling dominates the forward-bias transport in the NDR region. 2D tunnel diodes pave the way for potential applications such as tunnel-FET for low-power electronics, oscillator circuit, and multi-valued logics.
2D-2D semiconductor lateral heterostructures
Apart from the widely studied 2D vertical vdWHs, 2D lateral heterostructures [ Fig. 17(h) ] have gained increasing attention because of the atomically sharp interface with covalent bonds and the easier band offset tuning in the lateral junction. [155] [156] [157] [158] [159] 292 The in-plane junction configuration results in carrier transporting through the lateral direction without interlayer transport. In this regard, the 2D lateral p-n heterojunction has band bending and finite depletion region, which is similar to the bulk p-n junction. Using scanning Kelvin probe force microscopy, researchers are able to determine the built-in field profile and the depletion length in the 2D lateral heterojunction. 155, 159 
Homostructures
As the ion injection technique at present is not available for 2D materials, alternative methods, such as dual gating configuration, selective chemical doping, and layer engineering, are applied to fabricate the lateral p-n homostructure in 2D materials (such as MoS 2 , MoSe 2 , and WSe 2 ) for optoelectronics. [293] [294] [295] On the other hand, the graphene p-n homojunction [ Fig. 17(i) ] shows some distinguished electronic properties due to its special carrier behaviors. The current rectifying effect cannot be observed because the electrons in graphene are ruled by the Klein tunneling effect. 32 However, open circuit voltage and photocurrent at the graphene p-n homojunction mainly come from the photo-thermoelectric effect, which makes it promising for photodetectors. 296, 297 Negative reflection and focus lens effects of electron in the graphene p-n homojunction can be observed. 34, 35, 298 VI. DEVICES AND APPLICATIONS 2D materials provide the opportunity for new device concepts due to the structural features and their device building blocks. With this announcement, interest in 2D materialbased devices soared, and continuous progress has been very rapid. Here, we briefly summarize the electronic and optoelectronic device achievements when 2D materials ignited a revolution in condensed-matter physics and sparked the interest of device engineers.
A. Field effect transistors
After the great breakthrough regarding the effects of electric fields in graphene in 2004, graphene FETs and integrated circuits have been successfully demonstrated. [299] [300] [301] Due to the zero bandgap as mentioned before, the on/off ratio is limited in graphene-based FETs. 24 On the other hand, graphene-based electronic devices have potential applications in radio frequency communications. 302 Thanks to the opened bandgap, 2D semiconductors are attracting attention for FETs. More importantly, 2D semiconductors are competitive alternatives in post-silicon semiconductor devices, because of their 2D nature for overcoming the limit of short-channel effect and the higher mobility compared to ultra-thin silicon.
241 2D semiconductors based short channel transistors that could potentially continue Moore's law in the deep sub-nanometer node. 303 As the first demonstrated 2D semiconductor transistor in 2011, the monolayer MoS 2 FET with high-k dielectric HfO 2 as the top gate material can have a highly tunable n-type behavior with a current on/off ratio up to 10 8 . 304 With proper choice of scandium to build low-resistance source/drain contacts, a high carrier mobility of $184 cm 2 V À1 s À1 is presented in the MoS 2 FET. 268 In FETs made from tungsten dichalcogenides such as WS 2 and WSe 2 , electron and hole transports are both involved, originating from the metal Fermi level pinning close to the middle of the bandgap in semiconductors. 270, 305, 306 In the case of some molybdenum dichalcogenides including MoS 2 and MoSe 2 , the metal Fermi levels are pinned near the conduction band edges of the TMDs, making the electron transport dominating in corresponding FETs. 307, 308 Besides, few-layer InSe FET encapsulated with h-BN exhibits higher room-temperature mobility and on/off ratio, which enables the detection of the quantum Hall effect. 309 When BP transistors come into the 2D FETs family, their higher mobilities than TMD FETs and higher on/off ratio than graphene FETs make them attractive in certain applications. 76, 310 In addition to BP, more elemental 2D materials (such as borophene, silicene, germanene, and stanene) are expected to be in device platforms although these materials are not easily synthesized and extremely unstable. 311 Adopting h-BN as protecting layers for 2D materials has been proposed to prevent device property degradations due to its ultra-smooth surface with the absence of dangling bonds, which can eliminate the disturbance of the lattice of the channel materials and reduce the dielectric-related scattering. For example, the field effect mobility and current on/ off ratio of graphene on the h-BN sheet are enhanced to $3 times and $2 times of those of graphene on a bare SiO 2 /Si substrate, respectively. 312 Using h-BN as a gate dielectric layer in 2D FETs is another attractive application, which gives rise to the high-current-density performance with good transparency and flexibility. 313 Significantly, the lack of dangling bonds and the resulting more ideal interface of 2D heterostructures make 2D materials good candidates in tunnel-FETs for low-power applications, 287, 290, 291, 314 and the carrier transport behavior is described in Sec. V B. Figure 18 gives the comparison between FET properties (carrier mobility and on/off ratio) of various 2D materials. Generally, narrow bandgap brings high mobility but a low on/off ratio, while the wide bandgap results in a high on/off ratio and low mobility. High-mobility favors the highfrequency devices while high on/off ratio devices are available for low-power applications.
B. Photodetectors
Photodetectors, which convert the absorbed optical signal into a measurable electrical signal, are one of the fundamental optoelectronic devices. Graphene and other 2D semiconductors are promising materials for photodetectors corresponding to the wavelength from visible light to far infrared. Generally, 2D material-based photodetectors can work in the photoconductor/phototransistor or photodiode mode.
The working principle of the photoconductor/phototransistor is based on the modification of carrier density and thus the conductivity of 2D materials under illumination [ Fig.  19(a) ]. Because of the ultrashort carrier lifetime and broadband light absorption, graphene is a promising material for photodetectors from visible light to far infrared [ Fig.  19(b) ]. 319, 320 However, the high dark current limits the detectivity of the graphene photoconductor. Photoconductor/ phototransistors based on 2D TMDs exhibit low dark current and high responsivity, because of the large bandgap and relative long carrier lifetime. [321] [322] [323] [324] [325] Through the gate effect, intrinsic carrier density and dark current of 2D TMDs can be further suppressed due to the easily tunable Fermi level. 2D semiconductors with narrow bandgaps are promising candidates for infrared photodetection. For example, BP phototransistors have an excellent external responsivity of 82 A/W in the mid-infrared range (3.39 lm). 326 There is another kind of novel hybrid photoconductor consisting of graphene and additional light absorption mediums (e.g., quantum dots, nanowires, and bulk semiconductors) [ Fig. 19(c)] . 327, 328 In such a photoconductor, the built-in field formed by graphene and light absorption mediums can separate the photoinduced carriers generated at the absorption mediums and then inject holes/electrons into graphene. In fact, the photoresponse beyond the light absorption region of semiconductors can also be detected contributing to the photo-induced carriers provided by graphene. [329] [330] [331] Unlike the pure graphene photoconductor/phototransistor, the built-in field at the interface can efficiently separate the photo-induced carriers and prolong their lifetime, resulting in the relatively high responsivity [ Fig. 19(d) ]. 331 Besides, through introducing optical structures (e.g., plasmonic nanostructures, [331] [332] [333] photonic crystals, 334 optical cavities, 335 waveguides [336] [337] [338] ) onto the device, the light-matter interaction in 2D materials can be improved and the performance of the 2D materialbased photodetector can be enhanced.
Another working principle is the photodiode mode, which is based on the collection of the photoinduced carriers in the p-n junction or Schottky junction. Generally, the photodiode is working at the reverse bias in order to improve the built-in field and to accelerate the separation of carriers. For the lateral junction of 2D semiconductors, a built-in field forming in the depletion region can sweep out the photoinduced carriers, which is similar to that of the traditional photodiode. Normally, the dual gate is used to apply the lateral p-n homostructures [ Fig. 17(i)] 293,339 or heterostructures [ Fig. 19(e) ], 295 and thus, the barrier height is tunable through the electrical gating. Therefore, it is possible to tune the density of photo-induced carriers and get different photoresponses. In the vertical junction based on 2D semiconductors, the depletion region takes place at the whole interface of 2D materials, which differs from the lateral junction in which the depletion region only exists near the boundary line of two materials, allowing the higher external quantum efficiency [ Fig. 19(f)] . 278, 340, 341 Particularly, the interlayer transition between two materials can also be used for infrared photodetection, such as in the MoTe 2 -MoS 2 junction at 1.55 lm.
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In fact, graphene-2D semiconductor-graphene can form vertical heterostructures, in which a ultrafast response time and high quantum efficiency can be observed because of the atomic thick semiconductor layer [ Fig. 19(g) ]. [342] [343] [344] [345] Besides, the graphene-semiconductor Schottky junction is an important type of graphene-based photodetector [ Fig. 19(h) ], which can exhibit photoresponse from visible light to infrared light. [346] [347] [348] [349] [350] [351] [352] [353] In particular, low-energy photons can be detected in graphene-based heterostructures through the photothermionic effect, in which the hot carriers are emitted over the barrier, thus creating photocurrent. [354] [355] [356] C. Photovoltaic devices Photovoltaic devices are the devices (also known as solar cells) that convert solar energy into electrical energy through the photovoltaic effect based on the p-n junction or the Schottky junction. In recent decades, the dramatic appearance of single atomic layer materials provided a promising trend to the development of photovoltaic devices.
This photovoltaic concept of 2D material-based heterostructures is first demonstrated in the graphene-Si Schottky junction in 2010 [ Fig. 19(h) ]. 263 In this simple structure, graphene served not only as a transparent electrode but also as the layer for hole transport. Moreover, graphene and other 2D semiconductors can form Schottky or p-n heterojunctions with other inorganic or organic semiconductors to form photovoltaic devices. [357] [358] [359] To obtain high-efficiency performance, more collection and less recombination of electronhole pairs throughout the photovoltaic devices are necessary. 360 Some improved methods, such as interface improvement, 361 material doping, [362] [363] [364] [365] [366] and optical structure design, 361, 367 are applied to the much more efficient and stable photovoltaic devices, and the power conversion efficiency has exceeded 15%. 361 Furthermore, in the atomically sharp 2D vdW p-n junctions (such as MoS 2 -WSe 2 ), efficient photoinduced carriers can be separated and high external quantum efficiencies can be achieved [ Fig. 19(f)] . 85, 368 A unique feature of these vdW photovoltaic devices is the tunable majority carrier density by the gate voltage. In particular, the sandwich structure with 2D semiconductors for the light absorber between graphene (such as graphene-TMDs-graphene) can achieve efficient photoinduced carrier separation when the work function of graphene is modified by gate voltage or doping methods [ Fig.  19(g) ]. [342] [343] [344] In the future, various other configured designs and optoelectronic effects of 2D material-based heterostructures, for instance, multiple junctions, localized surface plasmons, thermophotovoltaic effect, and hot carrier concept, are urgently needed for enhancing the power conversion efficiency.
D. Light emission devices
The unique band structures of monolayer TMD semiconductors with direct bandgaps of visible to NIR ranges make them promising candidates for light generation. Electroluminescence (EL) is realized in the monolayer MoS 2 FET, which arises from the same excited state (exciton A). 369 It is found that the EL emission is localized at the metal contacts, which can be attributed to the maximized exciton generation efficiency through impact excitation at carrier injection areas. Hence, the homogeneous 2D material device is not likely suitable for practical light emission application since the quantum efficiency is limited ($10 À5 for monolayer MoS 2 ). 370 An effective solution is to build a p-n junction (light emission diode, LED) for light generation (Fig. 20) . The lateral p-n junction in monolayer TMDs by the dual-gating strategy is first achieved for light emission in 2014. 293, 370, 371 Apart from the lateral LED where the active region is still localized by the depletion region, vertical vdWHs are also raised up for efficient carrier injection in LED with its large active region at the whole overlapping area. 278, 340 In order to reduce the leakage current in the vertical stacking structures, functional stacking structures for light emission are developed by inserting tunneling layers (e.g., h-BN and Al 2 O 3 ) into the p-n junction and/or the electrode contacts, which enables the long lifetime of excitons in TMD quantum wells. 372, 373 With this band-structure engineering strategy, the EL quantum efficiency of 10% could be achieved in monolayer TMDs, which is comparable to those of organic LEDs. 372 Quantum emitters (made of quantum confined structures such as quantum dots and defects) can generate single photons, which is crucial for applications such as quantum information and high-resolution metrology. TMD quantum emitters with a very sharp photon emission spectrum are fabricated. [374] [375] [376] Furthermore, laser, which generates coherent light source, has been implemented in the 2D system. Monolayer WSe 2 as the gain medium coupling to an exquisitely designed photonic crystal cavity structure shows an ultralow optical pumping threshold (27 nW at 130 K). 377 
E. Electro-optic modulators
The optical modulator is used for tuning the properties (e.g., intensity and phase) of the incident EMW. Graphene is a promising material for the modulator device due to its tunable dielectric constant.
According to the discussion in Sec. II B, the transmission of graphene can be changed by electrostatic gating and the light absorption can be modified from 0.5% (out of interband transition) to 2.3% (constant absorption of interband transition). The modulation depth is limited due to the ultrashort interaction length (atomic thickness) between graphene and light. For increasing the interaction length, graphene can be integrated into the waveguide, which is first demonstrated in 2011 [ Fig. 21(a) ]. 378 Another way is using the optical resonance structures, such as plasmonic structures 379 optical cavities, 380 in which light will be trapped and the interaction time with graphene will be improved. In theory, the special plasmonic structure can be designed to support polarization-independent/depend on resonance, even chiral resonance. Therefore, it is possible to design a graphene modulator with polarization or chiral properties.
In this mid/far infrared region, the photon energy is beyond the interband transition and the electrons in graphene behave similar to those in the novel metal. The dielectric constant of graphene is composed of the apparent negative real part and a small imaginary part, which can support the intrinsic plasmonic effect. One unique property in this region is the highly tunable dielectric constant of graphene, resulting in a tunable intrinsic plasmonic effect for modulator design. 56, 58 In fact, the tunable Ohmic loss of graphene (imaginary part of the dielectric constant) can also be used for designing the modulator. This effect is found in the localized plasmonic effect of graphene nanopatterns, in which the absorption efficiency can be modulated from less than 3% to 30% in the infrared region. 381 On the other hand, a modulator can also be designed based on hybrid plasmonics, where graphene with a highly tunable dielectric constant is used as a media introduced into a metal plasmonic structure [ Fig.  21(b) ]. The graphene hybrid plasmonic device with a modulation depth up to 100% can be achieved on the metasurface (one kind of plasmonic structure). [382] [383] [384] In the THz region, the optical property of graphene is dominated by the imaginary part of the dielectric constant, because the frequency of this region is near the damping frequency (s À1 ) of graphene. The damping will consume the incident light's energy, which depends on the carrier concentration of graphene, and thus, the graphene-based THz modulator can be designed [ Fig. 21(c) ]. In order to improve the interaction between graphene and THz wave, many optical structures are introduced, including internal total reflection, 385 Fabry-P erot cavities, 386 metamaterials, 387 plasmonic structures, 388 and so on.
VII. OUTLOOK: LEARN FROM THE HISTORY
The new revolution in semiconductor technology is emerging. 2D materials provide the most exciting solutions for next generation nanoelectronics and optoelectronics. The breakthrough of science and technology in 2D materials has been extended for the past decade, bringing together the community of scientists and engineers. 389, 390 Although the fundamental research of structure-property relationships of 2D materials for electronics and optoelectronics has made rapid progress, the killer applications and niche markets still seem to face great challenges ahead. Learn from the success of Si's story: Si-based technology has been dominant in the semiconductor industry since the end of the 1950s although Si is a mediocre material. The major reasons for the wide applications of Si in integrated circuits and devices are unique planar technology (such as growth, oxidation, lithography, etching, and doping) and its superb oxide directly grown on Si with superior mechanical and thermal stability, electrical insulation, and chemical passivation at the interface. Now from the scientific and technological viewpoints, manipulation of the atomic-layer materials to precisely tailor the performance requirements of the device still faces major urgent challenges:
• Developing new techniques for the scalable and fast synthesis of defect-free 2D materials, particularly on multiple substrates with the transfer or transfer-free process compatible with existing technologies; • Controlling the number of layers, domain size, and doping level of 2D materials; • Utilizing the surface and interface-induced novel effects in 2D material-based mixed-dimensional heterostructures; • Designing the novel functions and unique features of 2D material-based competitive devices (e.g., tunnel devices, flexible or wearable electronics, and sensors/detectors/ modulators with performances beyond the state-of-the-art).
Science and technology are concomitantly advancing, and a new class of phenomena may contribute to the development of novel technological capabilities. Graphene, other 2D materials, and related heterostructures offer the promise for people to play at the bottom and evoke our expectations for future technological revolution, thus further challenging the existing models of physics and providing new phenomena for scientists to explore. It should be clearly reminded that active research and development of 2D materials is still in the early stages. When we look at the history books of science and technology, to a large extent, every story looks similar in that progress was always slow and difficult, and it took time for the commercial applications of most advanced materials.
